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aquatic	 ecosystems,	 feeding	 efficiencies	 of	 predators,	 and	 thus	 also	
their	 competitive	 interactions,	 can	 be	 affected	 by	visual	 or	 physical	
disturbances.	One	commonly	studied	disturbance	is	decreased	water	







flows	 occurring	 in	 nature	 are	 turbulent	 (Tennekes	&	 Lumley,	 1972),	
and	may	be	caused	by	a	variety	of	processes	 in	aquatic	systems,	 in-








1974),	 turbulence	 may	 affect	 encounter	 rates,	 prey	 selectivity,	 and	
thereby	 competitive	 interactions	 between	 fish	 species.	 Moreover,	







have	 high	 maneuverability	 and	 swimming	 velocity,	 it	 has	 been	 as-
















The	 level	of	 turbulence	 in	 lake	habitats	 is	affected	by	both	wind	
speed	and	water	depth.	The	intensity	of	turbulence	does	depend	not	
only	on	the	energy	input	flux	by	wind,	but	also	on	the	vertical	space	

















many	 types	 of	 natural	 lentic	 habitats	 (Mehner,	 Diekmann,	 Brämick,	
&	Lemcke,	2005;	Olin	et	al.,	 2002;	Persson,	1986;	Rask,	Viljanen,	&	
Sarvala,	 1999).	 In	 numerous	 small	 lakes,	 they	 are	 the	only	planktiv-
orous/benthivorous	 fish	 species	 (Rask	 et	al.,	 2000).	 Both	 perch	 and	





roach	 is	 a	more	 efficient	 planktivore	 than	 perch,	while	 perch	 is	 the	
superior	benthic	 feeder	 (e.g.,	Bergman,	1990;	Persson,	1983,	1987).	
It	has	been	suggested	that	intensive	consumption	of	zooplankton	by	







Turbulence	 likely	 has	 different	 effects	 on	 foraging	 in	 perch	 and	




ally	move	to	 locate	prey	 (Greene,	1986).	As	turbulence	can	 increase	
plankton	movement,	pause-	travel	predators	may	benefit	from	turbu-
lence	 as	 they	 are	 stationary	during	 the	 encounter	 process,	whereas	
for	 cruise	predators	 the	effect	of	 turbulence	may	not	be	prominent	
(MacKenzie	&	Kiørboe,	1995).	We	therefore	hypothesized	that	turbu-
lence	has	a	more	positive	effect	on	zooplanktivorous	feeding	of	perch	
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compared	with	roach	 (Estlander	et	al.,	2010).	Consequently,	we	also	
hypothesized	 that	 turbulence	 enhances	 niche	 partitioning	 between	
perch	and	roach	by	reducing	competitive	interaction	strength.
2  | MATERIALS AND METHODS
2.1 | Experimental setup




(61°13′N	25°12′E).	 The	 ponds	 had	 sand–gravel	 bottom	with	 a	 0.5-	




was	 used	 to	minimize	 the	 effects	 of	 turbulence	 on	water	 turbidity	
through	sediment	resuspension,	as	the	turbulence	required	for	resus-
pension	of	sand	and	gravel	is	much	higher	than	for	small	particles	of	





taken	 from	 Lake	 Syrjänalunen	 to	minimize	 the	 effects	 of	 turbidity-	





each.	 Four	 sequential	 experiments	were	 conducted,	 resulting	 in	 12	
replicates	per	treatment.
2.2 | Prey and predators
To	have	a	diverse	zooplankton	community	 for	 the	experiments,	 zo-
oplankton	was	hauled	 (150-	μm	plankton	net,	 diameter	50	cm)	 from	
the	 epilimnion	 of	 Lake	 Iso	 Valkjärvi	 and	 Lake	Majajärvi	 nearby	 the	
field	 station	 (lake	 descriptions:	 Estlander,	 Nurminen,	 Olin,	 Vinni,	 &	
Horppila,	 2009;	 Horppila,	 Olin,	 2010).	 Two	weeks	 before	 the	 start	
of	the	experiments,	an	equal	mixture	of	Lake	Majajärvi	and	Lake	Iso	






Perch	 and	 roach	 were	 caught	 from	 Lake	 Majajärvi	 using	 trap	
nets	 and	were	 acclimatized	 for	 3	weeks	 before	 the	 experiments	 in	
ponds	 similar	 to	 the	ones	used	 in	 the	experiments.	The	perch	used	
in	 the	 experiments	 had	 a	 mean	 length	 of	 9.8	±	0.2	cm	 and	 weight	
of	8.8	±	0.5	g,	and	 the	mean	 length	of	 roach	was	10.8	±	0.4	cm	and	
weight	11.6	±	0.7	g.	Mean	length	and	weight	of	fish	did	not	differ	sig-
nificantly	between	treatments	 for	either	of	 the	species	 (ANOVA,	 ln-	
transformed	data:	perch	length,	F1,70	=	0.30,	P = .5868;	perch	weight,	
F1,70	=	1.19,	 P = .2786;	 roach	 length,	 F1,67	=	0.08,	 P = .7850;	 roach	













Submerged	 artificial	 plants,	 mimicking	 Elodea canadensis	 and	
Myriophyllum,	added	structural	complexity	to	the	mesocosm	ponds.	The	
coverage	of	the	plants	 in	each	pond	was	5%,	 in	 line	with	the	circum-
stances	in	the	local	lakes	(Estlander	et	al.,	2009).	Turbulence	was	created	
using	 four	 computer-	controlled	 submersible	 pumps	 (Tunze	 Turbelle	
Nanostream;	 Tunze	 Aquarientechnik	 GmbH,	 Penzberg,	 Germany)	
placed	on	the	sides	of	each	pond	with	turbulence	treatment	(Härkönen	
et	al.,	 2014;	 Pekcan-	Hekim	 et	al.,	 2013).	 Turbulence	 measurements	











size	of	 the	 largest	 vortices.	The	Reynolds	 (Re)	number	 (the	 ratio	of	
inertial	 forces	 to	viscous	 forces)	was	calculated	 (Peters	&	Redondo,	
1997):	
where v	is	the	kinematic	viscosity	for	water	(10−6	m2/s).































thic	 animals	 from	 their	 habitats	or	 considerably	 affect	water	quality	
via	 sediment	 resuspension.	 This	 was	 also	 confirmed	 in	 preliminary	



















was	 determined	 in	 the	 beginning	 and	 at	 the	 end	 of	 each	 replicate	
experiment	 with	 a	 LI-	192SA	 quantum	 sensor	 (LI-	COR	 Biosciences,	
Lincoln,	NE,	USA)	equipped	with	a	LI-	1400	datalogger.	Light	attenu-




tures	 were	 sampled	 with	 a	 tube	 sampler	 (5.4	cm	 diameter,	 50	cm	
height)	 from	 five	 random	 places	 in	 each	 mesocosm	 (total	 sample	
volume	 6	L	 per	 mesocosm).	 The	 samples	 were	 filtered	 through	 a	
plankton	net	 (50	μm	mesh	size)	 and	preserved	 in	4%	 formaldehyde.	
Zooplankton	samples	were	analyzed	by	inverted	microscopy	(Olympus	




of	 the	 carapace.	 Zooplankton	 biomasses	were	 calculated	 from	 indi-
vidual	 lengths	using	 length–weight	 regressions	 (Bottrell	et	al.,	1976;	


























The	overlap	 index	was	calculated	considering	all	 food	 items	and	
also	separately	 for	planktonic	and	benthic	 food.	Moreover,	 to	 study	
the	 effects	 of	 turbulence	 on	 individual	 level,	 the	 population-	wide	













were	 studied	 (after	 confirming	 the	 homogeneity	 of	 variances	 with	
Levene’s	test,	P > .05	for	all	taxa)	by	comparing	their	initial	densities	
and	biomasses	in	calm	and	turbulent	ponds	with	one-	way	analysis	of	
variance	 (ANOVA)	 (ln(x	+	1)-	transformed	 data).	 Two-	way	 ANOVA	
was	used	to	analyze	the	effect	of	fish	species	and	water	turbulence	
on	 the	 proportion	 of	 different	 food	 categories	 in	 the	 diet	 (arcsin	 √
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in	effects	between	experimental	days,	as	well	as	to	compensate	dfs	ac-
cording	to	the	repeated	experimental	design,	factor	“experiment	day”	

























The	 average	 density	 of	 benthic	 macroinvertebrates	 was	
2,707	ind./m2	 in	 the	 calm	 ponds	 and	 2,988	ind./m2	 in	 the	 turbu-
lent	ponds	(Table	1).	The	average	biomass	was	5.1	g	ww/m2	in	both	
treatments.	 Chironomid	 larvae	were	 the	 dominant	 group,	making	












Calm Turbulent F1,22 P
Density
Bosmina 39.2	±	21.7 52.2	±	22.6 0.64 .4334
Daphnia 2.6	±	1.7 8.3	±	5.7 2.65 .1175
Other	cladocera 3.2	±	3.7 2.3	±	1.5 0.02 .8919
Cyclopoida 4.9	±	1.6 9.3	±	4.4 1.63 .2155
Calanoida 4.4	±	1.3 4.0	±	1.5 0.66 .4242
Chironomidae 2641.8	±	1494.7 2944.9	±	1666.2 0.00 .9811
Other	benthos 72.2	±	40.8 43.3	±	24.5 0.20 .6578
Biomass
Bosmina 30.8	±	13.0 37.7	±	15.6 0.38 .5431
Daphnia 2.3	±	1.5 8.1	±	5.3 3.56 .0724
Other	cladocera 6.0	±	6.6 2.6	±	2.0 0.21 .6527
Cyclopoida 12.8	±	5.5 27.3	±	16.4 1.65 .2123
Calanoida 40.4	±	14.9 24.2	±	8.4 1.32 .2634
Chironomidae 4.3	±	2.4 4.9	±	2.8 0.20 .6573
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the	calm	ponds	and	75%	in	the	turbulent	ponds	(Figure	2).	For	roach,	
the	 proportion	 was	 99%	 in	 calm	 ponds	 and	 78%	 in	 the	 turbulent	
ponds.	Due	 to	 the	 stronger	 effect	 of	 turbulence	 on	 the	 proportion	





decreased	significantly	 in	 turbulence	 for	both	fish	species	 (Figure	2;	
Table	2).	In	perch,	this	did	not	affect	the	total	proportion	of	macroin-
vertebrates,	 because	 Ephemeroptera	 had	 a	 significantly	 higher	 diet	













The	fish	were	 feeding	 actively	with	 no	 differences	 between	 the	
















3.5 | Diet overlap, niche breadth, and individual 
specialization
The	 diet	 overlap	 between	 perch	 and	 roach	 was	 partly	 affected	 by	
turbulence	(Figure	3).	Diet	overlap	for	benthic	food	was	significantly	
decreased	in	turbulence	conditions	(F1,21	=	8.30,	P = .009),	while	there	




and	the	niche	breadth	 increased	for	both	perch	and	roach	 in	 turbu-
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Perch	 and	 roach	 both	 showed	 typical	 generalist	 feeding	 hab-




which	 facilitated	access	 to	benthic	 resources.	Fish	 commonly	 select	
benthic	before	planktonic	prey	due	to	their	larger	size	and	higher	en-
ergy	content.	If	two	consumer	species	share	a	preference	for	one	prey	
type,	 they	may	 however	 differ	 in	 preference	 for	 lower-	ranking	 prey	
types	(Robinson	&	Wilson,	1998).	This	may	occur	when	the	preferred	






superior	 forager	 over	 roach	on	benthic	 food	 (Persson	&	Greenberg,	
1990).	 The	 reason	 can	 be	 found	 in	 the	 zooplankton	 community	
structure	 and	 the	different	 specialization	of	 the	 two	 species.	Roach	
can	outcompete	perch	in	capturing	cladocerans,	but	perch	may	be	a	















When	 turbulence	was	 included,	 the	 response	 by	 perch	 differed	
from	roach	in	terms	of	overall	selectivity	for	planktonic	prey	and	pref-
erence	between	planktonic	and	benthic	 food	and	 in	habitat	 choice.	
Contrary	to	our	hypothesis,	 the	planktivorous	feeding	was	more	af-
fected	by	turbulence	in	roach	than	perch.	With	turbulence,	the	pro-





Calm Turbulent Calm Turbulent
Bosmina 11 6 0 26
Daphnia 0 3 7 7
Copepoda 71 76 0 11
Sida crystallina 17 30 0 0
Chironomidae 97 94 100 100
Ephemeroptera 9 42 0 0

















Turbulence Fish species Interaction
F P F P F P
Zooplankton 0.32 .5744 43.85 <.0001 0.25 .6154
Cladocera 6.27 .0136 0.56 .4544 3.58 .0608
Bosmina	sp. 5.80 .0176 6.46 .0123 9.29 .0028
Daphnia	sp. 0.58 .4485 3.97 .0485 0.23 .6342
Sida crystallina 1.12 .2925 9.82 .0022 0.93 .3380
Copepoda 0.00 .9656 44.12 <.0001 1.50 .2224
Benthic	macroinv. 2.01 .1589 21.49 <.0001 4.52 .0356
Chironomidae 5.21 .0241 83.55 <.0001 0.51 .4766
Ephemeroptera 7.26 .0081 11.81 .0008 5.83 .0172
Odonata 3.37 .0687 16.71 <.0001 2.76 .0994
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increase	in	the	use	of	the	pelagic	habitat	by	roach	or	in	zooplankton	
density	 in	 the	 proximity	 of	 the	 benthic	 habitat.	 In	 contrast	 to	 calm	
conditions,	roach	discarded	Daphnia	and	selected	for	Bosmina	and	co-




to	 affect	 zooplankton	 distribution,	 encounter	 rates	 between	 roach	











The	digestion	 rate	during	 the	experiments	 cannot	be	 accurately	
determined	 as	 it	 depends	 on	multiple	 factors	 such	 as	 consumption	
rate	and	food	type	(Hofer,	Forstner,	&	Rettenwander,	1982;	Persson,	
















and	 Odonata,	 increased	 in	 the	 turbulence	 treatment.	 As	 these	
prey	 prefer	 structurally	 complex	 vegetation-	rich	 areas	 (Engblom,	
1996;	 Norling	 &	 Sahlén,	 1997),	 this	 indicates	 that	 perch	 switched	
to	 feed	 more	 among	 the	 macrophytes	 under	 turbulent	 conditions.	
Additionally,	 the	proportion	of	copepods	decreased	and	the	propor-
tion	 of	 the	 plant-	associated	 cladoceran	 Sida crystallina	 increased	 in	
the	diet	of	perch	under	turbulence,	which	also	suggests	that	a	shift	to	


























essarily	 depend	 on	 the	 number	 of	 species	 present.	 Nurminen	 et	al.	
(2014)	showed	that	the	response	of	perch	to	disturbance	(increasing	
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Turbulence	could	negatively	affect	prey	detection	 in	near-	bottom	
layers	by	 increasing	sediment	 resuspension	and	water	 turbidity	 (Lind,	
2003;	Nurminen,	Pekcan-	Hekim,	&	Horppila,	2010).	However,	no	dif-
ferences	 in	 water	 quality	 between	 turbulent	 and	 calm	 ponds	 were	
detected	confirming	that	the	diet	changes	were	not	attributed	to	such	
turbulence-	mediated	 changes	 in	 water	 quality.	 The	 hydraulic	 stress	
caused	by	 turbulence	can	also	disturb	 the	swimming	of	fish,	but	 this	
holds	only	for	much	stronger	turbulence	and	deeper-	bodied	fish	spe-
cies	 (Gabel,	 Stoll,	 Fischer,	 Pusch,	 &	 Garcia,	 2011).	 Thus,	 turbulence	
probably	 did	 not	 disturb	 the	 benthic	 feeding	 of	 roach	 but	 enhanced	
their	 zooplanktivory,	which	 resulted	 in	 decreased	 diet	 proportion	 of	
benthic	food.	This	conclusion	was	supported	also	by	the	fact	that	the	







ing	 habits	 in	 turbulence,	 and	 these	 individuals	 concentrated	 mainly	
on Bosmina.	 Such	 specialization	 is	beneficial	 from	an	 individual	point	












aging	 niches	 and	 decreasing	 interspecific	 competition.	 The	 study	
also	 demonstrated	 that	 turbulence	 can	 affect	 habitat	 use	 of	 com-
peting	species	by	affecting	prey	choice	to	the	point	of	habitat	shift	






ence	 of	 roach,	 if	 the	 availability	 of	 zoobenthos	 is	 high	 and	 roach	
concentrates	 on	 benthic	 food.	 The	 results	 suggested	 that	 dom-
inance	 of	 roach	 in	 the	 pelagic	 habitat	 and	 individual	 variation	 in	
their	 foraging	 behavior	 increase	with	 turbulence.	The	 response	 of	
fish	to	turbulence	thus	depends	both	on	their	prey	searching	strat-
egy	 and	on	 the	 turbulence-	induced	 changes	 in	 the	 accessibility	 of	
different	 food	 resources.	 Contrary	 to	 previous	 results,	 the	 results	
suggested	that	cruise	predators	may	benefit	from	turbulence	more	
than	 pause-	travel	 predators	 if	 turbulence	widens	 their	 food	 spec-
trum.	More	 studies	with	varying	fish	densities	 and	 food	 resources	
are	needed,	but	 the	 results	 indicated	that	 the	combined	effects	of	
water	turbulence,	feeding	strategy	of	fish,	and	zooplankton	commu-
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